2013 event to the 5 previous events in Table 1 , this event had the highest total rainfall and 139 caused the most damage, as is seen by the total cost of the event. This event also had a 140 vast areal coverage, with heavy precipitation occurring from Denver all the way into 141 southern Wyoming. Flooding took place as far to the east as Nebraska and caused a lot of 142 damage to infrastructure along the Front Range of Colorado. 143
The amount of precipitation that fell during the September 2013 event required a 144 large amount of moisture at a time when atmospheric moisture was beginning to decrease 145 from higher summer values (Mahoney et al., 2015) . Moisture transport and quantity are 146 important aspects to evaluate when investigating heavy precipitation events. However, 147
there has not been a vast amount of research examining the characteristics of PW during 148 heavy precipitation events. Such characteristics are important to understand because they 149 could influence future weather and climate trends. Kunkel et al. (2013) found an 150 increasing trend in atmospheric PW quantities associated with extreme precipitation 151 events and suggested this trend could lead to an increase in storm intensity. While 152 Hoerling et al. (2014) noted that the September 2013 event was probably not connected 153 to climate change, they did find that heavy precipitation events are becoming more 154 frequent and Karl and Trenberth (2003) found evidence that the number of heavy 155 precipitation events is expected to increase with increasing global temperatures, such as 156 we are experiencing now. The observed and projected increase in the number of heavy 157 precipitation events, combined with the uncertainty of how PW contributes to 158 characteristics of these events, motivated an investigation of PW characteristics 159 surrounding the 2013 event so as to better understand the contributions of PW to an 160 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 -414, 2017 Manuscript under review for journal Atmos. Meas. Tech. Discussion started: 14 February 2017 c Author(s) 2017. CC-BY 3.0 License. extreme precipitation event with the objective to someday apply these results to future 161 research incorporating a wider variety of events. 162
As the aim of this research was to examine the characteristics of atmospheric PW 163 during the 2013 Colorado Flood, data with a high spatial and temporal resolution was 164 needed to resolve features within the event. GPS receivers are much more densely spaced 165 with a total of 236 stations over North America than the radiosonde network, which has a 166 total of 92 stations. The higher density of observations in the GPS network results in a 167 higher spatial resolution with which to analyze storm features and water vapor transport. 168
GPS data also has a much higher temporal resolution of anywhere from 30 minutes to 169 two hours, as compared to the standard, twice-daily launching of radiosondes. 170
The primary goal of this research was to investigate the magnitude and characteristics 171 of PW over the Front Range region associated with the September 2013 event. The goal 172 of this study was to answer the following scientific questions. 173
(1) What were the characteristics of PW surrounding this event? This portion of 174 research was focused on the examination of the temporal variability of PW, as 175 well as a comparison with climatology, before, during, and after the event. 176
(2) Where did the moisture for the 2013 event originate? To answer this question, 177 synoptic-scale dynamics and pre-existing conditions that led to large-scale, 178 continuous moisture transport were evaluated. 179
Data and Methodology 180

Precipitable Water Datasets 181
Two datasets were used to analyze PW characteristics surrounding the 2013 event. 182
The first of these was a two-hourly, long-term (1995-2015) PW dataset (Wang et al. minute International Global Navigation Satellite System (GNSS) Service (IGS) Zenith 185
Total Delay (ZTD) data. The analysis technique for the interpolation and conversion of 186 ZTD to PW is summarized in Wang et al. (2007) and two key variables used in the 187 conversion are water-vapor-weighted atmospheric temperature (Tm) and surface pressure 188 (Ps). ZTD is represented as the sum of the Zenith Hydrostatic Delay (ZHD), which is a 189 function of Ps, and the Zenith Wet Delay (ZWD), which is a function of PW and Tm. The which, if any, station had a long enough data record to serve as the climatological 217 standard, and also to check for data outliers and data continuity. No stations were found 218 to have more than seven years of data and datasets that contained discontinuities were 219 discarded. A major issue that appeared during this analysis was that only one SuomiNet 220 and one IGS station had data observations during the September 2013 event, and neither 221 of them had a lengthy dataset. A decision was made to combine the data from different 222 stations in the region and make a 10-year dataset that included observations from the 223
Formulation of a GPS PW Climatological Dataset
flood. 224
The GPS PW data used to create the 10-year dataset were first quality-controlled by 225 using several methods defined in Wang et al. (2007) . The first method used was the range 226 test in which the lower and upper limits of PW values were set as 0mm and 150mm, 227
respectively. The second quality-control method used involved using the mean and 228 standard deviation for each month to detect any outliers. This method required that at 229 least one-quarter of the data be present in order to have an adequate amount of 230 observations so that the statistical aspects could be deemed accurate. Individual PW 231 values within each month were analyzed and any values that were more than 4 standard 232 deviations away from the monthly mean were discarded (Wang et al. 2007 ). The quality 233 control removed 0.1% of the total data points for the station SA00 and less than 0.1% of 234 the total data points for the rest of the stations. 235
The next step in the creation of the 10-year dataset was to compare PW data among 236 the stations. PW is strongly dependent on elevation so any station that had an elevation 237 above 1,800 m was eliminated because these receivers were located too far above the 238 elevation of Boulder (1655 m). To remain consistent, the remaining stations were 239 compared to the station with the longest dataset and elevation closest to that of Boulder 240 (DSRC). Five stations were chosen for the merged 10-year PW dataset ( Fig. 2) because 241 their averaged PW differences were not statistically significant from one another and the 242 elevation differences between all stations were less than 50 m. A more thorough analysis 243 of the complete dataset and its comparison with 2013 is described in Sect. 3. The 244
SuomiNet station, P041, also passed the statistical significance test, but did not have a 245 complete record of data for 2013 so could not be included in the 10-year dataset. Instead, 246 the 2013 PW data from P041 was used to analyze small-scale variability leading up to, 247 and during, the flood period because it has a higher temporal resolution (30 minutes) than 248 NIST (two-hourly), which was chosen for the 10-year dataset. 249
Additional Datasets 250
The data used as a long-term PW climatology dataset were twice-daily radiosonde 251 data from the Stapleton airport in Denver, Colorado extracted from the homogenized 252 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -414, 2017 Manuscript under review for journal Atmos. Meas. Tech. radiosonde dataset created by Dai et al. (2011) (Fig. 1b) . This PW dataset was created by 253 integrating specific humidity from the surface to 100hPa, is available from 1979 to 2013, 254 and was homogenized using an advanced statistical approach that is more thoroughly 255 described in Dai et al. (2011) . 256 The primary dataset used to evaluate moisture transport was the North American 257
Regional Reanalysis (NARR) dataset, which is available from 1979 to the present 258 
Precipitable Water Characteristics 263
Gochis et al. (2015) noted that the atmosphere over Northern Colorado was 264 abnormally moist from 9 th -16 th September. Radiosondes captured PW values above 265 30 mm, an abnormal value for a semi-arid climate. Gochis et al. (2015) also noted that 266 the raindrop distribution during the event consisted of numerous small raindrops, which 267 is more commonly observed in a tropical climate. To better understand how abnormal the 268 atmospheric moisture was during this event, the magnitude, distributions, and variability 269 of PW over Boulder were evaluated and compared to climatology. 270
Temporal Variability of Precipitable Water 271
First, the temporal characteristics of September of 2013 were compared with the 272 10-year GPS PW dataset described in Sect. 2.2. Figure 2 shows the time series of the 273 merged 10-year PW dataset discussed in Sect. 2. The strongest PW variation is seasonal 274 with a mean seasonality of 18mm and the summer peaks are coincident with the annual 275 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -414, 2017 Manuscript under review for journal Atmos. Meas. Tech. 
Precipitable Water Abnormality During the 2013 Flood 299
The consistently high values of PW during the time of heaviest precipitation in 300 
2006). 339
Upon analyzing the distributions in Fig. 6 , June through September primarily 340 have normal distributions with September being, on average, slightly more positively 341 skewed than the other months with a value of 0.32, although the distribution is still 342 considered normal according to the conditions for skewness defined in Bulmer (1979) . 343
However, the seasonal variation in PW is still evident as July and August distributions 344 The distribution that shows the largest shift in distribution from the other years is that 349 of September of 2013, which had a bimodal distribution. 
Water Vapor Transport 362
The occurrence of heavy precipitation such as was observed during the September 363 2013 event requires sufficient moisture supply to fuel it. In Sect. Due to the slight variation of opinion on which body of water was the source of 381 moisture for the event, this study further investigates moisture source and transport by 382 examining NARR 500 hPa geopotential height and integrated water vapor flux in 383 conjunction with the standardized anomaly of gridded SuomiNet PW data. Five times 384 surrounding the event were chosen for analysis based on their proximity to rapid 385 fluctuations in PW (Fig. 3) . The three variables listed above are plotted in Fig. 8 at each  386 of the five time steps. 387 Figure 8a -c shows the atmospheric conditions on 6 th September at 9 UTC, prior to 388 the start of the event. There was a large ridge with 500 hPa geopotential heights above 389 higher temperatures and dried the atmosphere over Boulder as seen in Fig. 8c . At that 391 point, there was no direct water vapor transport from either the Gulf of Mexico or the 392 eastern Pacific (Fig. 8b) . 393
Moving on to 9 th September at 18 UTC ( Fig. 8d-f) , a trough started to form over 394 the western United States and an anticyclone shifted over the southeastern US (Fig. 8d) . 395
Together, these began transporting water vapor towards the northeast along the eastern 396 flank of the trough from the eastern Pacific (Fig. 8e) . This transport contributed to a belt 397 of PW anomalies with magnitudes of 1.5 to 2.5 standard deviations over the southwestern 398 and western US (Fig. 8f) . The PW anomaly over Boulder at that point was between 1-1.5 399 standard deviations and precipitation had not yet begun (Fig. 9) . Water vapor appeared to 400 travel to Colorado from the eastern Tropical Pacific at that time (Fig 8e) . 401
By 11
th September at 6 UTC ( Fig. 8g-i) , the low pressure over the western US 402 deepened and formed into a cut-off low (Fig. 8g) . The low stagnated over the western US 403 due to the influence of the blocking ridge under which it resided. The anticyclone over 404 the eastern US also strengthened. Working in conjunction, the strengthening of the low 405 and the high increased the southerly water vapor transport and there was a corridor of 406 flux convergence over New Mexico and the direction of the flux over Northern Colorado 407 was toward the Rocky Mountains (Fig. 8h) . This resulted in a corridor of PW anomalies 408 that stretched from the Mexican border to southern Wyoming (Fig. 8i) . The magnitude of 409 the PW anomaly over Boulder rose to between 2.5 to 3 standard deviations as the 410 moisture pooled against the Rocky Mountains due to easterly water vapor transport. 411
Light, orographically enhanced precipitation began and Boulder experienced rain rates 412 Atmos. Meas. Tech. Discuss., doi:10.5194/amt-2016 Discuss., doi:10.5194/amt- -414, 2017 Manuscript under review for journal Atmos. Meas. Tech. around 5mm h !! (Fig. 9) . Water vapor was being transported into Colorado from the 413 eastern Tropical Pacific and the Gulf of Mexico at this time (Fig 8h) . 414
By 12 th September at 6 UTC ( Fig. 8j-l) , the anticyclone began to break down but 415 the cutoff low deepened even further (Fig. 8j) . Water vapor was still being transported 416 into the region from the Gulf of Mexico by the synoptic conditions with an easterly 417 component of the flux continuing to pool water vapor against the Rocky Mountains (Fig.  418   8k) . However, the transport of moisture into Colorado appeared to have weakened 419 substantially and the eastern Tropical Pacific was no longer a source of moisture. There 420 was still a corridor of PW anomalies coinciding with the regions of strong water vapor 421 flux and the magnitude of the anomaly over Boulder was still between 2.5 to 3 standard 422 deviations (Fig. 8l) . Precipitation intensified over the past 24 hours and Bouldersolely the result of the September 2013 event, which had a nearly saturated atmosphere. 459
The second half of September had a lognormal distribution, representing a much drier 460 atmosphere for the rest of the month. The moisture for the event originated from the 461 eastern tropical Pacific at the beginning of the event 9
th September, came from this source 462 and the Gulf of Mexico during the heaviest precipitation (10 th -12 th September), and then 463 from only the Gulf of Mexico towards the end (12 th -14 th September). 464
Code Availability 465
Code is available from the lead author upon request. 466
Data Availability 467
Two-hourly GPS PW data is available upon request from the first and second authors. 30 468 minute SuomiNet GPS PW data is available for download in ASCII and NetCDF format 469 from the COSMIC group website (suominet.ucar.edu). The twice daily, homogenized 470 radiosonde data is available upon request from the second author. NARR data is available 471 for download on the National Oceanic and Atmospheric Administration (NOAA) website 472 (nomads.ncdc.noaa.gov/data/narr). The 1-hourly rain gauge data is available upon request 473 from the National Center for Atmospheric Research (NCAR) Research Applications
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